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Abstract 
 
Atomic layer deposition (ALD) is a method to deposit thin films from gaseous precursors to 
the substrate layer-by-layer so that the film thickness can be tailored with atomic layer 
accuracy. Film tailoring is even further emphasized with selective-area ALD which enables 
the film growth to be controlled also on the substrate surface. Selective-area ALD allows the 
decrease of a process steps in preparing thin film devices. This can be of a great technological 
importance when the ALD films become into wider use in different applications. 
Selective-area ALD can be achieved by passivation or activation of a surface. In this work 
ALD growth was prevented by octadecyltrimethoxysilane, octadecyltrichlorosilane and 1-
dodecanethiol SAMs, and by PMMA (polymethyl methacrylate) and PVP (poly(vinyl 
pyrrolidone)) polymer films. SAMs were prepared from vapor phase and by microcontact 
printing, and polymer films were spin coated. Microcontact printing created patterned SAMs 
at once. The SAMs prepared from vapor phase and the polymer mask layers were patterned 
by UV lithography or lift-off process so that after preparation of a continuous mask layer 
selected areas of them were removed. On these areas the ALD film was deposited selectively. 
SAMs and polymer films prevented the growth in several ALD processes such as iridium, 
ruthenium, platinum, TiO2 and  polyimide  so  that  the  ALD  films  did  grow  only  on  areas  
without SAM or polymer mask layer. PMMA and PVP films also protected the surface 
against Al2O3 and ZrO2 growth. 
Activation of the surface for ALD of ruthenium was achieved by preparing a RuOx layer by 
microcontact printing. At low temperatures the RuCp2-O2 process nucleated only on this 
oxidative activation layer but not on bare silicon. 
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1 Introduction 
Atomic layer deposition (ALD)1-3 is an excellent tool for atomic level materials engineering. 
In ALD the film is deposited on the substrate layer-by-layer from gaseous precursors so that 
film thickness can be controlled with atomic layer accuracy. At first precursor 1 is pulsed to 
the reaction chamber to react with the substrate surface. Then excess reactants and reaction 
by-products are purged out with an inert gas. The cycle is completed by pulsing the precursor 
2 to the reaction chamber followed by the second purge. The cycle is repeated as long as the 
desired film thickness is reached. In ALD every surface reaction is self-limiting which means 
that additional precursor exposure will not lead to further deposition. This ensures 
preparation of uniform and conformal films which can be deposited over large areas and 
batches on geometrically complicated substrates. Also multilayer structures can be prepared.  
Selective-area ALD allows the film growth to be controlled also on the surface i.e the film 
can be deposited only where desired. This can be achieved by preparing on the surface a 
patterned layer which protects the surface against ALD film growth or activates the ALD 
growth. Selective-area growth simplifies the overall process flow in making thin film devices 
by eliminating photolithography processes. 
The goal of this work was to explore various passivation and activation methods, and study 
these with different kind of ALD processes. Passivation of the surface was done using SAMs 
and polymer films as mask layers. Octadecyltrimethoxysilane and 1-dodecanethiol SAMs 
prepared from vapor phase were used as mask layers against iridium ALD growth [I, VI] and 
the 1-dodecanethiol SAMs also prevented the growth of polyimide [VI]. Microcontact printed 
octadecyltrichlorosilane SAMs prevented the growth of TiO2 as well as iridium [II]. PMMA 
[III] and PVP [IV] films were used as polymer mask layers against several metal and oxide 
ALD processes. Activation of the surface was done using a microcontact printed RuOx film 
as a seed layer for the ALD of metallic ruthenium film [V]. 
The structure of this thesis is as follows. Chapter 2 represents literature review of ways to 
achieve selective-area ALD and materials deposited selectively. Experimental information of 
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preparation of passivation and activation layers as well as ALD film depositions are provided 
in Chapter 3. The results of this thesis are summarized in Chapter 4.  
2 Strategies of selective-area ALD 
Selective-area ALD has been approached from two directions: passivation or activation of the 
surface. Passivation of the surface is more commonly used and it has been achieved using 
self-assembled monolayers (SAMs)4,  5 or polymer films as ALD growth preventing mask 
layers. The function of SAM is to passivate the surface so that the ALD film would be 
deposited only on non-passivated areas. Polymer films can either passivate the surface 
against  ALD film growth  the  same way as  SAMs,  or  the  ALD film can,  depending  on  the  
ALD process and the polymer, grow on the polymer film. In these cases the ALD film growth 
can be prevented on the substrate surface below the polymer film by controlling the polymer 
film thickness and purge times during the ALD process. A common feature to nearly all 
passivation  methods  is  that  they  allow  only  a  certain  thickness  of  the  ALD  film  to  be  
deposited before failing to prevent the growth on passivated areas. Activation of the surface 
is quite new approach to selective-area ALD.6 On contrary to the surface passivation the 
ALD  growth  is  now  promoted  on  the  modified  areas  of  the  surface.  In  other  thin  film  
deposition methods surfaces have been activated e.g. by patterned palladium film for 
selective-area electroless deposition of copper7 and by patterned copper for selective-area 
chemical vapor deposition of ruthenium.8 
2.1 Surface passivation with SAMs 
Self-assembled monolayers (SAMs)4, 5 are molecular layers that form spontaneously through 
adsorption  on  the  solid  surface  when molecules  react  with  the  surface  and,  depending  on  a  
molecule, possibly also with each other. SAMs have been investigated since the 40s when 
Zisman et al.9 published the first study on self-assembled monolayers. Since then several 
types of SAMs have been formed on different surfaces: for instance carboxylic acids on 
aluminum oxide,10, 11 amines  on  gold12, dialkylsulfides and dialkyl disulfides on gold13-16, 
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selenols on gold17-19 and alkynes on hydrogen terminated silicon.20-24 Probably the most 
studied SAMs are alkylthiol and alkylsilane SAMs, however. 
Alkylthiol molecules coordinate through the sulfur atom to the metal surface which leads to 
the monolayer formation. Van der Waals interactions also improve these SAM structures 
(Figure 1) and the longer the carbon chains of the SAM structure are, the more ordered the 
structure will be.25-27 Alkylthiol SAMs have been prepared for instance on gold28, 29, silver28, 
30, 31, copper28, 32, palladium33, 34 and platinum35 surfaces. 
 
Figure 1. The formation and structure of alkylthiol SAM on metal surface, alkylsilane SAM 
on a hydroxylated surface and alkene/alkyne SAM on hydriden terminated surface. 
Alkylsilanes form a monolayer on a hydroxylated surface which can be e.g. silicon36, glass37 
or polymer38, 39.  The  silane  molecules  react  with  each  other  and  with  -OH  groups  on  the  
substrate surface forming eventually covalently bonded Si-O-Si network (Figure 1).4, 36, 40-42 
At first silane molecules physisorb on the substrate surface and they move close to each other 
and finally chemisorb to the substrate. The OH-group coverage on the substrate needs to be 
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high, so that the silane molecules can form a covalent bond with OH-groups.   There might 
still be some unreacted hydroxyl groups or not enough OH-groups on the surface.4, 40, 41, 43 
These holes where the SAM precursor molecules have not reacted with the surface can serve 
as nucleation sites for the ALD precursor. Van der Waals interactions between the carbon 
chains in the SAM structure, however, improve the passivation properties of the SAM. The 
longer the carbon chains, the stronger the interactions are between the carbon chains.44 
2.1.1 Preparation of SAMs from liquid phase 
A simple way for preparing a SAM is formation from liquid phase. In this method the 
substrate is immersed in a solution that contains SAM precursor molecules. The monolayer 
starts to form at once but the formation of a well organized structure takes even tens of 
hours.45 In selective-area ALD the most commonly used SAM is octadecyltrichlorosilane 
(CH3(CH2)17SiCl3) on silicon substrate prepared from liquid phase but these SAMs have been 
prepared also from vapor phase and by microcontact printing.  
For selective-area ALD octadecyltrichlorosilane SAMs have typically been prepared on 
hydroxylated silicon surface from 10 mM toluene or hexane solution. Preparation time of 
SAM has been varied from 10 min to 75 h depending on the ALD process that has been tried 
to be prevented.46-55 The Si-Cl bonds in the octadecyltrichlorosilane molecule are sensitive to 
hydrolysis and this needs to be taken into consideration in the preparation process because the 
water  content  in  the  solution  affects  the  quality  of  SAM.56 If  there  is  too  small  amount  of  
water in the system, an incomplete SAM will be formed. On the other hand, if there is too 
much water oligomers will form in the solution and the SAM is formed through an island 
growth.57-59 This is why octadecyltrichlorosilane SAMs have been typically prepared under a 
nitrogen atmosphere. 
Selective-area ALD has also been achieved using other SAMs prepared from liquid phase. 1-
octadecanethiol (CH3(CH2)17SH) SAMs have been prepared on Ge(100) and Ge(111) 
surfaces from 0.1 M 2-propanol solution using a preparation time of 72 h.60, 61 Alkene and 
alkyne monolayers44, 62 have been prepared on hydrogen terminated silicon in 2 h. 
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2.1.2 Preparation of SAMs from vapor phase 
An alternative way for preparing SAM is from vapor phase.63-67 In this method the substrate 
is in a vacuum chamber and the volatile SAM precursor molecules are dosed on the substrate 
through a valve. Also a simplified system can be used where the precursor reservoir and 
substrate are in the same chamber.68-72 Vapor phase preparation of SAMs is an attractive 
method especially because it allows the SAM preparation in the same reactor that is used in a 
next step for ALD film deposition without air exposure in between. This can be done by 
relying on chemical selectivity of the SAM precursor. For example trichlorosilanes form 
SAMs on oxides but not on hydrogen terminated silicon.48 Another benefit of this procedure 
is that it can be applied also to three dimensional structures whereas with the liquid phase 
method the absorption of liquids into porous structures is a major issue. 
The vapor phase preparation of SAMs for selective-area ALD has been studied so far only in 
a few articles. Selective-area ALD has been achieved using vapor phase prepared 
octadecyltrichlorosilane (CH3(CH2)17SiCl3), tridecafluoro-1,1,2,2-
tetrahydrooctyltrichlorosilane (CF3(CF2)5(CH2)2SiCl3) and 1-octadecene 
(CH3(CH2)15(CH)CH2) SAMs.73 SAMs have been prepared in a chamber where in the 
substrate, SAM precursor vapor and water vapor are closed. The preparation time of 
octadecyltrichlorosilane SAM at 170 °C was 48 h that of tridecafluoro-1,1,2,2-
tetrahydrooctyltrichlorosilane at 60 °C was 6 h on silicon surfaces. 1-octadecene monolayer 
was prepared at 140 – 200 °C and the preparation time was 2 h.  
The different preparation times of highly packed SAMs can be ascribed to the different 
dosing conditions used for the different precursors. Precursors have also different reactivity 
towards silicon oxide which also affects the formation time of a monolayer. Water is added to 
the process because it improves the organosilane SAM formation by increasing the OH group 
density on the substrate surface.74 In this thesis octadecyltrimethoxysilane 
(CH3(CH2)17Si(OCH3)3) and 1-dodecanethiol SAMs have been prepared from vapor phase [I, 
VI]. 
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2.1.3 Patterning of SAMs prepared from liquid and vapor phase 
Before SAM can be used as a mask layer for selective-area ALD, it needs to be patterned so 
that there are also areas without SAM where the ALD film can be deposited. Patterning of 
SAMs  can  be  done  either  by  selective  removal  or  by  selective  placement  of  SAM.  SAMs  
have been removed e.g. by energetic beams75-77, photolithography78-86, and by scanning probe 
microscopy (SPM) lithography.87-91 Selective placement of SAM, on the other hand, relies on 
chemical modification of the surface so that SAM is formed only on substrate areas where the 
SAM precursor molecules can bond. For example thiols form SAMs on metal areas, silane 
SAMs on hydroxylated areas, alkenes and alkynes on hydrogen terminated areas of the 
substrate or surface is partially protected against SAM formation by a photoresist.48, 49, 54, 55, 62 
For selective-area ALD SAMs have been patterned using both patterning routes. SPM-
lithography has been used to destroy octadecyltrichlorosilane SAM layer from selected areas. 
SPM-lithography creates oxide patterns on SAM layer by anodic oxidation.92, 93 These oxide 
patterns were removed by HF etching which created areas without SAM. The narrowest line 
widths of these patterns were 40 nm.52, 53 
Selective placement of SAM has been done for selective-area ALD by prepatterning of 
substrates. Octadecyltrichlorosilane SAM was formed on SiO2 areas of the substrate leaving 
the H-terminated areas without SAM and thus available for ALD growth. At first a SiO2 layer 
was prepared on the silicon substrate by thermal oxidation and patterned by 
photolithography. The native oxide on exposed areas was removed by HF etching. The 
created patterns were 3–5 µm wide.48, 55 The same general idea was exploited when 
octadecyltrichlorosilane SAM was formed on S-layer protein areas while Si-H terminated 
areas  on  the  silicon  substrate  stayed  without  a  SAM  layer.  The  protein  unit  cell  size  was  
about 20 nm.54 Chemical patterning of alkene and alkyne monolayers has been occured vice 
versa. Monolayers have been prepared on Si-H and Ge-H areas of the samples and ALD film 
was grown on oxide areas of the sample. 62  
SAM formation on selected areas has been prevented also by using a mechanical mask layer 
such as a layer of photoresist.49, 51 The photoresist layer was prepared on silicon substrate and 
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patterned by photolithography. Octadecyltrichlorosilane SAM was formed on areas without a 
photoresist. After SAM formation the photoresist was removed by acetone revealing areas 
without SAM on the surface. The widths of areas without SAM were few µm. 
2.1.4 Preparation of patterned SAMs by microcontact printing 
Microcontact printing (?CP)94-97 is a fast way to prepare patterned SAMs using an 
elastomeric stamp. Before a SAM can be formed, an elastomeric stamp needs to be prepared. 
In a key role in making a stamp is a master which has the desired features as a negative. The 
master can be prepared for instance on silicon using photo or electron beam lithography. 
Features in a master can be upwards from tens of nanometers but are typically larger than 100 
nm. One master can be used for preparation of several stamps. 
SAMs for selective-area ALD have been prepared by stamps made of poly(dimethylsiloxane) 
(PDMS), the structure of PDMS being shown in Figure 2. PDMS stamp is fabricated by 
mixing two components and casting the mixture onto a master. The stamp is then let to cure 
and cut to the right size. An advantage of an elastomeric stamp is that it can make a 
conformal contact with the substrate over large areas. Elastomeric stamps are also chemically 
and thermally stable and can be used for several times without noticeable degradation in 
performance.94-97 PDMS stamps have, however, also disadvantages. PDMS shrinks up to 1 % 
during curing and swells when in contact with a number of nonpolar organic solvents such as 
toluene that has also been used in SAM preparation process.97 On the other hand, 
hydrophobicity of PDMS stamp may be a problem when the SAM precursor is soluble into 
polar solvents.97, 98 One problem is also the softness of the material which limits the aspect 
ratio  of  structures  in  the  PDMS stamp.  Delamarche  et  al.99 have  shown  that  aspect  ratio  is  
important for the PDMS stamp preparation. If the aspect ratio is too low or high the stamp 
features do not transfer to the substrate as such but defects appear in the patterns. Other 
possible stamp materials are for instance perfluoropolyester (PFPE) which is solvent resistant 
and swells much less than PDMS when exposed to most organic solvents.100, 101 
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Figure 2. PDMS repeating unit. 
Before the SAM can be prepared the precursor solution is added to the stamp. The stamp can 
be immersed into the solution for a certain period of time and dried with a stream of nitrogen. 
An excess of precursor solution on the stamp may, however, result in enhanced diffusion of 
imprinted molecules on the patterned surface. In addition, diffusion of non-covalently bonded 
molecules can happen after printing. Excess of precursor solution can be avoided by placing a 
drop of the solution on the stamp or by spin coating the solution on the stamp. 102, 103 
SAM is formed by placing the stamp moistened with precursor solution into a contact with 
the substrate. The stamp features are transferred to the substrate surface basically just within 
seconds. Preparation of SAM by microcontact printing is significantly faster than preparation 
from liquid phase probably due to increased concentration of the SAM precursor in the 
solution because of the evaporation.94-97 
In selective-area ALD octadecyltrichlorosilane SAM is the most used SAM prepared by 
microcontact printing. Octadecyltrichlorosilane SAM104-107 has been prepared on silicon and 
yttria-stabilized zirconia (YSZ) surfaces from 10 mM solution in toluene or hexane using 
printing times from 30 s to 5 min and tridecafluoro-1,1,2,2-tetrahydrooctyltrichlorosilane 
SAM108 has been prepared on silicon and YSZ substrates from 10 mM toluene solution using 
2 min printing time. Docosyltrichlorosilane SAMs109 were prepared on silicon from pentane 
solution using a few seconds printing time when the substrate was at temperature of 80–100 
°C during the printing. In this thesis octadecyltrichlorosilane SAM were prepared by 
microcontact printing [II]. 
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2.1.5 Selective-area ALD processes  
Selective-area ALD has been widely studied by using patterned SAMs as the growth 
preventing mask layers. SAMs have been used to prevent the ALD growth of various 
materials. Metal processes that have been studied for selective-area ALD are platinum44, 62, 73, 
104, 105, 110, ruthenium106, iridium[I, II], nickel49 and cobalt50, 51, and oxide processes are HfO2 
44, 46-48, 73, 110, ZrO247, 52, 53, TiO261, 107[II] and ZnO109. From sulfides only PbS55 has so far been 
deposited selectively. 
Octadecyltrichlorosilane SAMs are most often used as a passivation layer but other silane and 
1-alkene and 1-alkyne monolayers have been tested as well. In Table 1 and Table 2 are listed 
materials, the precursors and deposition temperatures of selectively deposited ALD films. As 
substrate materials silicon is used most typically but also germanium and yttria-stabilized 
zirconia have been used. 
Based on our observations, the passivation layers do not prevent the ALD growth endlessly, 
but  at  the  some  point  the  film  nucleate  on  them.  Therefore,  to  allow  fair  comparison  of  
different studies, thicknesses of films deposited in selective-area manner have been included 
in Table 1 and Table 2 and following discussions. These thicknesses represent the upper limit 
proved for the given passivation method and ALD process, while the actual upper limit can 
be substantially higher. 
Table 1. ALD precursors and deposition temperatures of selective-area ALD processes of 
metals. The film thicknesses are those given in the references, of if missing, calculated based 
on ALD cycle number and growth rates. 
Material Precursors Deposition 
temperature 
[°C] 
Thickness 
of film 
[nm] 
Reference 
Pt MeCpPtMe3 and air 285-300 ~3 
44, 62, 73, 104, 
105, 110 
Ru RuCp2 and O2 325 ~30 106 
Ni Ni(dmamb)2 and NH3 300 ~50 49 
Co Co(AMD)2 and H2 340 24 50, 51 
 Co(AMD)2 and NH3 350 24 51 
Ir Ir(acac)3 and O2 225 23 [I, II] 
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Table 2. ALD precursors and deposition temperatures of selective-area ALD processes of 
oxides and sulfide. The film thicknesses are those given in the references, of if missing, 
calculated based on ALD cycle number and growth rates. 
 
Material Precursors Deposition 
temperature 
[°C] 
Thickness 
of film [nm] 
Reference 
HfO2 Hf[OC(CH3)3]4 and H2O 200 ~3 54 
 HfCl4 and H2O 300 ~4 46, 47, 104 
 Hf[N[CH3]2]4 and H2O 250 4 44, 48, 73, 104 
ZrO2 ZrCl4 and H2O 300 ~4 47 
  200 ~7 52 
 Zr(NMe2)4 and H2O 200 ~7 53 
TiO2 Ti[OPri)4] and H2O 150 17 107 
 TiCl4 and H2O 
Ti(OMe)4 and H2O 
100 
250 
0.5 
7 
61 
[II] 
ZnO Zn-Et2 and H2O 125 60 109 
PbS Pb(tmhd)2 and gas mixture of 
3.5 % H2S in N2 
160 4.5 55 
Selective-area ALD processes of metals 
The growth of platinum film has been prevented using octadecyltrichlorosilane and, 
tridecafluoro-1,1,2,2-tetrahydrooctyltrichlorosilane and 1-alkene and 1-alkyne monolayer as 
the growth preventing mask layers. Octadecyltrichlorosilane SAM prepared from liquid 
phase110 in 12 h or by microcontact printing104, 105, 108, 110 using a 5 min printing time 
prevented the growth of platinum for about 3 nm. Tridecafluoro-1,1,2,2-
tetrahydrooctyltrichlorosilane SAM prepared by microcontact printing in 2 min 108 ,  on  the  
other hand, did not prevent the growth of same thickness platinum film. When the SAM 
prepration was done from vapor phase73, both octadecyltrichlorosilane SAM (prepared at 170 
°C for 48 h) and tridecafluoro-1,1,2,2-tetrahydrooctyltrichlorosilane SAM (prepared at 60 °C 
for 6 h) prevented the growth at least about 2 nm of platinum.  
Beside the tail group and the preparation method of the SAM, also the carbon chain length 
affected the passivation properties of SAM against platinum film growth.44, 62 Platinum 
growth could be prevented when SAM had 8 or more carbons in the carbon chain when 1-
19 
 
alkenes and 1-alkynes were used as passivation layers. These SAM were prepared from liquid 
phase in 2 h and they prevented the growth of about 3 nm of platinum. 
Ruthenium growth was prevented by microcontact printed octadecyltrichlorosilane SAM 
whose preparation time was 30–60 s. Ruthenium film growth could be prevented up to 30 nm 
at 310–350 °C.106 Nickel49 and cobalt50, 51 processes  have  also  been  prevented  with  
octadecyltrichlorosilane SAMs. These SAMs were prepared from liquid phase. Preparation 
times of SAMs were 10 min and 24 h for the nickel and the cobalt  processes.  These SAMs 
prevented the growth of nickel for 50 nm at 300 °C. ALD growth of cobalt was done using 
plasma enhanced ALD process at 300 °C as well as a thermal ALD process at 340-350 °C.  
SAM could  prevent  the  growth  of  cobalt  up  to  24  nm in  thermal  process  before  the  cobalt  
started to grow on SAM. This is probably due to the thermal degradation of SAM. Plasma 
enhanced process was, on the other hand, more difficult to prevent. The ALD precursors for 
these processes were CoCp2 or Co(AMD)2 and NH3 plasma. Because NH3 plasma destroyed 
the  SAM layer  effectively,  SAM could  not  prevent  the  growth  of  cobalt  and  there  were  no  
differences for growth of cobalt on the silicon substrate and on the SAM layer.50, 111  
Selective-area ALD processes of oxides and lead sulfide 
Octadecyltrichlorosilane SAM preparation time from liquid phase has been varied between 
10 min and 75 h depending on an ALD process. Shorter 10 min–24 h preparation times have 
been used for metal ALD processes. When the preparation time of SAM was increased to 40–
48 h,  the  SAM could  prevent  the  growth  of  HfO2 and  ZrO2. HfO2 film growth from HfCl4 
and H2O was prevented for about 4 nm at 300 °C46, 47 and the SAM prevented the film growth 
from Hf[N(CH3)2]4 and H2O as well.44, 48, 73  Liu et al.54 passivated the growth of HfO2 at 200 
°C for 3 nm when SAM was prepared on S-layer proteins. The SAM preparation time was 40 
h and HfO2 was  deposited  on  silicon  areas  of  the  samples.  The  growth  of  ZrO2 has been 
prevented from two precursors by a SAM the preparation time of which was 48 h. When the 
precursors were ZrCl4 and  H2O the film growth could be prevented for about 4 nm at 300 
°C47 and for 7 nm at 200 °C.52, 53 Growth  of  ZrO2 from Zr(NMe2)4 and  H2O could  also  be  
prevented at 200 °C for 7 nm.52, 53 Microcontact printed octadecyltrichlorosilane SAMs 
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prevented  the  ALD growth  of  HfO2 for  3.8  nm when the  preparation  time of  SAM was  30  
s.104 
Vapor phase preparation of the same SAM at 170 °C needed also 48 h to be able to passivate 
the surface against HfO2 for  about  3  nm but  thicker  film still  did  grow on  SAM.73 Shorter 
preparation time from vapor phase was enough for tridecafluoro-1,1,2,2-
tetrahydrooctyltrichlorosilane SAMs.73 The same thickness of HfO2 could be prevented with 
SAM prepared at 60 °C for 6 h. This indicated that the fluorocarbon tail on SAM provides 
better passivation against the hafnium precursor compared to the hydrocarbon tail. 1-
octadecane monolayer passivated the surface against the same thickness when the monolayer 
was prepared at 180 °C and the preparation time of the monolayer was 2 h.73 
Carbon chain length of SAM layers especially affected their passivation properties. HfO2 film 
growth could be prevented at least 4 nm when SAM had at least 12 carbon atoms chain when 
1-alkenes and 1-alkynes were used as passivation layers.44 Preparation time of these SAMs 
was 2 h. On the other hand, platinum process could be prevented when SAM had 8 carbons in 
the  chain.  This  shows  that  the  HfO2 process is more difficult to prevent than the platinum 
process. The longer carbon chains probably increased the van der Waals interactions between 
the carbon chains which improved the SAM structure by diminishing the affect of possible 
pinholes in the SAM layer. SAM has also poorer passivation properties against HfO2 if its tail 
group is more bulky and e.g. fluoroalkyltrichlorosilanes may provide better passivation 
properties with fewer carbon units in SAM than alkyltrichlorosilane because fluorocarbons 
have higher contact angle than hydrocarbon. 
The longest octadecyltrichlorosilane SAM preparation time from liquid phase has been 75 h 
and it was used for preventing the lead sulfide process.55 The SAM could prevent the growth 
of PbS for 4.5 nm at 160 °C. The preparation time of the SAM needed to be at least 72 h for 
the SAM to prevent the growth of PbS for 4.5 nm, otherwise the ALD film grew on the SAM 
layer. Octadecyltrichlorosilane SAM has been reported to degrade at 200 °C and its stability 
decreases with increasing temparature.112-114 In the case of PbS the degradation of SAM starts 
already at lower temperature if the heating time is long. 
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Microcontact printed octadecyltrichlorosilane SAMs have prevented the growth of TiO2 
when the SAM was prepared with 30 s printing time. The SAM could prevent the growth of 
TiO2 for 17 nm at 150 °C.107 The TiO2 ALD  process  from  TiCl4 and  H2O has also been 
prevented by 1-octadecenethiolate SAMs prepared from liquid phase in 72 h. The SAM 
prevented  the  growth  of  TiO2 at 100 °C for 0.5 nm when it was prepared on chlorinated 
germanium surface. When higher deposition temperatures were used the ALD film did grow 
on SAM areas.60, 61 The growth of ZnO109 has been prevented by microcontact printed 
decosyltrichlorosilane SAM on silicon surface. The preparation time was 30 s and the SAM 
passivated the surface against ZnO at 125 °C for 60 nm.  
Successful selective-area ALD with SAMs as passivation layers requires complete 
passivation of the surface. The level of passivation needed may, though, differ depending on 
the ALD process. Compared to metal ALD processes, oxide and sulfide ALD processes seem 
to be more difficult to prevent. This can be seen e.g in longer preparation times of SAMs that 
were needed to prepare highly packed SAMs which have no holes that could serve as 
nucleation sites for the ALD precursors. Longer preparation time of SAM from liquid or 
vapor phase is likely to give a more organized SAM layer that has better passivation 
properties against oxide processes. The deposition temperatures of the oxide processes have 
typically been lower than those of the metal processes. Also film thicknesses have in general 
been thinner than with metal films. This indicates higher reactivity of oxide precursors 
towards holes in the SAM layer. 46, 115 The deposition temperatures for metal processes were 
from 285 to 340 °C. These temperatures are high for octadecyltrichlorosilane SAM which 
starts to degrade at 200 °C113 but  the  SAM  has  still  prevented  the  growth  of  platinum,  
ruthenium, nickel and cobalt. Park et al.106 have reported that noble metal precursor is less 
likely to penetrate the monolayer. This can be due to the lower oxygen affinity of precursors 
and this might make it possible to use octadecyltrichlorosilane SAMs at deposition 
temperatures higher than 200 °C when metal films are deposited selectively by ALD. The 
passivation properties of SAM layers can also be affected by e.g. controlling the carbon chain 
lengths and tail groups of SAM forming molecules. Also long purging time after each 
precursor pulse in the ALD process can improve the SAMs passivaton properties by 
removing the excess ALD precursors that could react on the surface during the next precursor 
pulse. 
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2.2 Surface passivation with polymer films 
2.2.1 Preparation and patterning of polymer films 
Polymer films such as poly(methyl methacrylate) (PMMA)116-120, poly(tert-butyl 
methylacrylate) (PtBMA)121 poly(vinyl pyrrolidone) (PVP) [IV], poly(methyl 
methacrylamide (PMAM)122, and polystyrene-block-poly(methyl methacrylate) (PS-b-
PMMA)123, 124 which is a diblock copolymer (Figure 3) have been used as  mask layer for 
selective-area ALD. Most commonly polymer mask layers have been prepared by spin 
coating from toluene solution. The thicknesses of the polymer films have varied depending 
on the polymer concentration in the solution. Table 3 lists the polymers, solutions, polymer 
film thicknesses and patterning methods used for selective-area ALD. 
 
Figure 3. Repeating units of the polymers as mask layers for selective-area ALD. 
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Table 3. Polymer mask layers used for selective-area ALD. 
Polymer Solution [wt %in 
toluene] 
Polymer film 
thickness [nm] 
Patterning 
method 
Reference 
PMMA 3 110 AFM 117 
PMMA 0.025-0.1 ~1-4 UV 116 
PMMA 1-15 32-420 UV 118-120 
PMMA 2 100 UV [III] 
PVP 1 100 UV [IV] 
PMAM 0.5 - 1.0 in water 5-45 µCP 122 
PtBMA 5 % and 1% 
triphenylsulfonium 
tris(perfluoromethanes
ulfonyl) methide 
- UV 121 
photoresist - ~1000 UV 125 
PS-b-
PMMA 
13 mg/mL 60 no further 
patterning 
123 
PS-b-
PMMA 
- - Ar/O2 plasma 
etching 
124 
Before ALD process the polymer film needs to be patterned so that there are areas where the 
ALD film can be deposited. Polymer films like PMMA have been patterned by removing 
polymer film from the selected areas. This has been done either by photolithography using a 
UV exposure followed by development116, 118-120, 125 or by AFM lithography117. Or UV 
exposure  can,  on  the  other  hand,  produce  areas  where  ALD  film  can  be  deposited.  UV  
exposure and baking of the PtBMA film produced hydroxyl groups to the polymer surface 
from tert-butyl ester groups through acid catalyzed de-esterification. These hydroxylated 
areas acted as nucleation sites for ALD precursors whereas rest of the polymer surface did 
not contain OH groups and passivated the surface against ALD growth. The sizes of the 
patterned areas were 25–100 µm.121 Smaller patterns have been prepared by AFM. Patterning 
of PMMA was done by thermal writing using a heated AFM cantilever probe tip.117, 126 The 
AFM patterned samples were also treated with O2 plasma because after thermal writing 5 nm 
thick layer of PMMA still  remained on the silicon surface.  The sizes of the patterned areas 
were about 4 µm. 
By microcontact printing the polymer films can be prepared in the same way as microcontact 
printing of SAM so that polymer film is prepared on areas where the stamp is in contact with 
the substrate. PMAM films122 have been prepared from PMAM solutions in water by PDMS 
stamp which had 2–4 µm features. The polymer solution was added on a stamp for 5 s. The 
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stamp dried in air for 30 s and was put into contact with the substrate for 90 s. The thickness 
of the microcontact printed PMAM films varied from 5 to 45 nm. By increasing the polymer 
solution concentration or the printing time, thicker mask layers could be prepared. 
Diblock copolymers127-129 have two chemically similar homopolymers joined together 
through covalent bonds. They can self-assemble into ordered periodic nanostructures which 
can be e.g cylinders or arrays. With this technique sub-30 nm patterns can be prepared. 
Diblock copolymers have been used to pattern ALD films by two ways. ALD film has 
deposited on one polymer area while the other polymer prevented the ALD growth. This has 
been done when PS-b-PMMA samples were exposed to metal oxide ALD precursors that 
diffused in the PMMA areas into the polymer film and reacted with the carbonyl groups. 
ALD film started to grow on PMMA areas and after ALD process the polystyrene areas were 
removed by thermal annealing or plasma treatment leaving patterned ALD film on the 
surface. ALD film mimics the original shapes of the PMMA mask.123 Another route to 
prepare patterned ALD film was to remove the PMMA areas from the PS-b-PMMA film 
before the ALD deposition so that the remaining polystyrene film prevented the ALD growth 
on the substrate surface below the polymer film and the ALD film grows only on areas where 
PMMA was removed. 124 
2.2.2 Selective-area ALD processes 
Surface passivation against ALD processes  
Polymer films can work in selective-area ALD the same way as SAMs, i.e the polymer film 
can passivate the surface against the ALD growth and the ALD film grows only areas without 
the  polymer.  So  far  platinum122[III, IV], ruthenium[III, IV], iridium[III, IV], rhodium125, 
ZnO116, TiO2 from Ti(OiPr)4 and H2O117, 121 and from Ti(OCH3)3 and H2O [III] film growth 
has been prevented using polymer mask layers and these ALD films have been deposited 
only on areas without the polymer film. Table 4 lists materials that have been deposited 
selectively using the growth passivating polymer layers. 
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Table 4. ALD precursors and deposition temperatures of selective-area ALD processes using 
polymer films as mask layer. 
Material Precursors passivation 
layer 
deposition 
temperature 
[°C] 
thickness 
of ALD 
film [nm] 
reference 
Rh Rh(acac)3 and O2 photoresist 300 ~30 125 
Pt MeCpPtMe3 and air PMAM 280-300 ~4 122 
  PMMA, PVP 300 24, 71 [III, IV] 
ZnO (C2H5)2Zn and H2O PMMA 200 200 116 
TiO2 Ti(OiPr)4 and H2O PMMA 140 2 117 
  PMMA 160 35 119, 120 
 Ti(OMe)4 and H2O PMMA 250-275 25 [III] 
Ir 
Ru 
Ir(acac)3 and O2 
RuCp2 and air 
PMMA, PVP 
PMMA, PVP 
225-300 
300-350 
17, 29 
20, 41 
[III, IV] 
[III, IV] 
 
PMAM film has been used to prevent the growth of platinum at 280–300 °C. The PMAM 
film whose thickness was only 2.5 nm prevented the growth of platinum for about 4 nm.122 
ZnO film growth at 200 °C could also be prevented with a thin polymer film. When the 
PMMA film thickness was about 4 nm, there was no ZnO growth on the PMMA film even 
after 200 nm and 1 nm thick film prevented the growth of a few hundred cycles.116 For 
comparison, the most commonly used SAM in selective-area ALD is octadecyltrichlorosilane 
SAM which has a thickness of 2.6 nm.4, 47, 56 Although the thickness of the polymer film was 
less than the thickness of the SAM, it could prevent the growth of platinum and ZnO. This 
may probably happen because the polymer films are not formed by molecular ordering. This 
may indicate that polymer film is more effective ALD growth inhibitor than 
octadecyltrichlorosilane SAM. 
Thicker polymer films have been used to prevent the growth of TiO2 from Ti(OiPr)4 and H2O. 
A 10 nm thick PMMA film prevented the growth of TiO2 at 160 °C for at least 35 nm119 and 
100 nm thick PMMA film was used to prevent the growth at 140 °C for 2 nm.117 In both 
cases the ALD film did grow on areas without the PMMA film. Rhodium film was deposited 
selectively  using  a  photoresist  as  mask  layer,  the  thickness  of  which  was  about  1  µm.  
Deposition  temperature  was  300  °C  and  the  rhodium  film  was  deposited  to  a  thickness  of  
about 30 nm and no rhodium was found on photoresist.125 
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Lift-off patterning of ALD films 
ALD films can also grow on the polymer film. The growth can still be prevented on the 
substrate surface by controlling the thickness of the polymer film and the purge times in ALD 
process. Under these conditions lift-off patterning may be feasible provided that the film 
grown on the polymer film does not encapsulate it too well. The materials patterned this way 
area listed in Table 5.  
Table 5. ALD precursors and deposition temperature of selective-area ALD processes that 
was patterned by lift-off process. 
Material Precursors Protective 
layer 
deposition 
temperature 
[°C] 
thickness 
of film 
[nm] 
reference 
TiO2 TiCl4 and H2O PMMA 160 7 118, 120 
Al2O3 
 
AlMe3 and H2O PS-b-PMMA 
PMMA, PVP 
150 
250 
5 
50 
124 
[III, IV] 
 AlCl3 and H2O PMMA, PVP 250-300 ~40 [III, IV] 
ZrO2 ZrCl4 and H2O PVP 250 80 [IV] 
The growth of TiO2 from TiCl4 and H2O has been prevented on the substrate for at least 7 nm 
using PMMA mask layers. When the PMMA film thickness was 420 nm, the PMMA film 
could physically block the substrate surface from ALD precursors and no titanium was found 
on the surface below the PMMA film after the ALD deposition. When thinner polymer films 
were used, titanium precursor and H2O could penetrate through the polymer film to the 
substrate surface.118 Longer purge times during the ALD process are also needed for 
complete removal of precursors sorbed inside the polymer film during the precursor 
exposure.120 Carbonyl oxygen on PMMA limits the use of PMMA mask layer in selective-
area ALD. It has been reported that strong Lewis acids such as TiCl4 and AlCl3 can react or 
complex with carbonyl groups.119 Once ALD precursor adsorbs strongly on the PMMA 
surface, it will serve as an active site for further growth. 119  
Al2O3 was also prepared selectively for 5 nm at 150 °C using PS-block-PMMA mask layer. 
Patterning of the polymer film was done by removing PMMA areas from the substrate so that 
the patterned sample had polystyrene and SiO2 areas. Al2O3 was deposited on SiO2 areas of 
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the sample and polystyrene prevented the ALD growth beneath the polystyrene though the 
ALD film grew also on the polymer film. The growth rate of Al2O3 was, however, smaller on 
polystyrene than on silicon areas, and the ALD film was not grown continuous on 
polystyrene. The polystyrene mask was exposed to oxygen plasma during the PMMA 
removal which promotes the formation of oxygen based functionalities at the polystyrene 
surface where the ALD film can nucleate.124 
ALD growth selectively on polymer film 
Polymer surface can also be chemically patterned so that ALD film grows only on selected 
areas  of  the  polymer  film while  the  other  areas  prevent  the  ALD growth.  PtBMA has  been  
used as a mask layer against TiO2 growth from Ti(OiPr)4 and H2O at 140 °C. PtBMA does 
not contain OH groups but tert–butyl ester groups can undergo UV-activated acid catalyzed 
de-esterification to produce hydroxyl containing polymethacrylic acid groups on the surface. 
These hydroxyl groups served as nucleation sites for TiO2 film that was deposited for 21 nm 
whereas other areas prevented the ALD growth. After the ALD process the PtBMA areas not 
covered by the TiO2 film were removed by O2 plasma (Figure 4).121 
 
Figure 4. The use of PtBMA mask layer for TiO2 deposition (according to reference 121). 
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PS-block-PMMA film has been used as a mask layer for TiO2 and Al2O3 growth. Polymer 
film had cylinder shaped PMMA areas and polystyrene areas between the cylinders. During 
the ALD processes the TiCl4 and AlMe3 precursors diffused into the polymer films and the 
ALD film started to grow on carbonyl groups on the PMMA areas. After ALD process the 
polymer film was removed by thermal annealing or plasma treatment leaving on the substrate 
a patterned ALD film that mimics the original PMMA areas. Al2O3 was deposited at 85 °C by 
1,2,3,6 and 10 ALD cycles. The diameter of the Al2O3 cylinder after 1 cycle was 8 nm and 
the diameter of the PMMA areas were about 30 nm. When the cycle number was increased, 
the diameter of the cylinder increased and after 10 cycles it was about 30 nm which was the 
diameter of the original PMMA cylinder. After 6 cycles the Al2O3 grew also on polystyrene 
regions but the growth on polystyrene areas might be reduced using longer ALD purge times. 
TiO2 was deposited at 135 °C by 5 and 10 cycles. The diameters of the TiO2 cylinders were 
13  nm  after  5  cycles  and  17  nm  after  10  cycles.  These  diameters  were  smaller  than  the  
diameters of the PMMA cylinders but TiO2 features preserved the original patterns in the PS-
b-PMMA film.123 
2.3 Surface activation 
Activation of surface is quite a new approach to selective-area ALD compared to the 
passivation of surface with SAMs and polymer films, and only a few articles have been 
published so far. On contrary to the surface passivation, the ALD film is now deposited on 
the activated areas of the surface and non-activated areas will remain free of ALD film. 
Selective-area ALD has been done using platinum activation layer for ALD of platinum6 and 
palladium activation layer for ALD of copper.130 In  this  thesis  RuOx has been used as an 
activation layer for ALD of ruthenium [V].  Table 6 lists the selective-area ALD processes 
that exploit the activation of the surface. 
Surface activation in selective-area ALD has been accomplished so far using noble metals as 
activation layer. Platinum activation layer6 was prepared by electron beam induced deposition 
(EBID) from MeCpPtMe3 and the smallest sizes of platinum areas were 20 nm in diameter. 
ALD platinum was deposited on the activated areas from MeCpPtMe3 and  O2. In platinum 
process the oxygen atoms are adsorbed on the surface and during the MeCpPtMe3 pulse the 
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precursor reacts with the adsorbed oxygen on platinum surface and its ligands become 
oxidized to H2O and CO2.131, 132 The selective growth of platinum was achieved by 
controlling the O2 pressure during the ALD process.133 When the O2 pressure of 0.02 Torr 
was used, a long nucleation delay took place on an oxide surface. This enabled the platinum 
growth on activated areas whereas Al2O3 covered areas remained without the ALD film.  
The thickness of the activation layer affected the thickness of the ALD platinum film so that 
the ALD film thickness increased when the activation layer thickness increased. The thinnest 
activation layer that enabled the ALD platinum growth was 0.5 nm. On this activation layer 
the thickness of the ALD platinum film was 16 nm when the ALD cycle number was 400. 
When  the  thickness  of  the  activation  layer  was  28  nm  the  ALD  film  thickness  was  39  nm  
with the same number of ALD cycles.6 
Palladium activation layer has been prepared by sputtering for selective-area ALD of 
copper.130 ALD copper was deposited on the activated areas at 235 °C for 12.5 nm. At this 
temperature copper film grew only on palladium areas and SiO2 areas  stayed  without  ALD 
film.  
Different nucleation times of different materials were exploited in selective-area ALD of 
HfO2.134 HfO2 was deposited at 200 °C on silicon and copper substrates. After 25 cycles the 
thickness of HfO2 on silicon was about 3 nm but on copper surface no HfO2 was observed. 
When the cycle number was increased to 50, HfO2 film became detectable also on copper 
surface indicating that only a few nanometers of HfO2 can be deposited selectively this way.  
Table 6. ALD precursors and deposition temperatures of selective-area ALD processes that 
have used an activation layer.  
ALD 
material 
Precursors deposition 
temperature 
[°] 
activation 
layer 
ALD film 
thickness 
[nm] 
Reference 
Pt MeCpPtMe3 and O2 300 Pt 16-39 6 
Cu Cu(tmhd)2 + H2 235 Pd 12.5 130 
HfO2 Hf(N(C2H5)2)4 and H2O 200 Si 2.8 134 
Ru RuCp2 and air 250 RuOX 19 [V] 
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3 Experimental methods 
3.1 Passivation of surface for selective-area ALD 
3.1.1 Preparation and patterning of SAMs from vapor phase 
Octadecyltrimethoxysilane (H3C(CH2)17Si(OCH3)3) SAMs were prepared on hydroxylated 
Si(100) surfaces and 1-dodecanethiol (CH3(CH2)11SH) SAMs on copper surface from vapor 
phase using an evacuation type and a flow type ALD reactors. Before SAM preparation the 
substrates were pretreated and patterned. 
Si(100) substrates were pretreated by two different methods right before the silane SAM 
preparation to maximize the OH coverage of the surface. Pretreatment 1 consisted of 
sequential treatments in four solutions: 10 min in SC1 (H2O:H2O2:NH3 (4:1:1)) at 80 °C, 1 
min in 1 % HF at room temperature, 10 min in SC2 (H2O:H2O2:HCl (4:1:1)) at 80 °C, and 1 
min in HF-methanol (1:9) at room temperature135. After the final treatment, the substrate was 
rinsed with methanol and dried by a stream of nitrogen. Pretreatment 2 was performed for 20 
min in piranha solution (H2SO4 95-98 %: H2O2 35 % (3:1)) at room temperature. After 20 
minutes the substrates were rinsed with water and dried with nitrogen. 
Patterning of octadecyltrimethoxysilane SAMs was done by a lift-off process. Patterned 
aluminum film (typically 20 nm) was made by electron beam evaporation of aluminum 
through a shadow mask on Si(100) (Figure 5). The resulting pattern consisted of dots with 
diameters of 50, 250 and 500 ?m. SAM was prepared on silicon areas of the substrates and 
the final part of patterning was done after the SAM was prepared by etching the aluminum in 
a solution that consisted of 1 ml of 70 % HNO3, 4 ml 99% CH3COOH, 4 ml 85 % H3PO4 and 
1 ml H2O. Etching time was typically 5 minutes. The samples were rinsed with ethanol and 
dried with nitrogen before ALD process. 
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Figure 5. Lift-off patterning of octadecyltrimethoxysilane SAM. 
Patterned copper films were prepared similar to aluminum by (electron beam) evaporating 
copper through the same shadow mask on Si(100) substrates. Titanium was used as an 
adhesion layer. When the SAM was prepared the alkylthiols formed a monolayer on copper 
surface leaving the Si area without the passivating SAM layer. Unpatterned copper films 
were prepared similarly without a shadow mask. 
The copper films were pretreated before SAM preparation in 3.7 % HCl solution for 5 min 
and rinsed with acetone and ethanol in order to remove the oxide layer from the surface. 
Finally the substrates were dried with a stream of compressed air and placed in the reactor as 
quickly as possible, usually in a few minutes. 
Preparation of SAMs from vapor phase was done in a reactor shown schematically in Figure 
6. Octadecyltrimethoxysilane SAMs were prepared from a vapor phase at 150 °C using two 
different processes. In the first process the substrate was only exposed to a 
octadecyltrimethoxysilane. The second process adapted from Ek et al.74 consisted of a 
repetition of four steps: octadecyltrimethoxysilane exposure, a purge, a H2O exposure, and a 
purge. In both cases the octadecyltrimethoxysilane was pulsed through pneumatic valves to 
the reaction chamber from an internal source. H2O was pulsed in the second process from 
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external source. The reaction chamber was isolated during the exposure, i.e. all valves were 
closed, and after the exposure the precursor was pumped out from the chamber. The chamber 
was purged by repeating a N2-filling and pumping sequence five times. Typical exposure 
times for octadecyltrimethoxysilane were 45-180 minutes in the process where the substrate 
was exposed only to silane. Exposure times in the silane + H2O processes were 10 minutes 
for silane and 20 seconds for H2O per cycle. The cycle was repeated six to ten times.  
 
Figure 6.  A schematic view of the reactor used for preparation of SAMs from vapor phase. 
The numbers indicated valves. 
1-dodecanethiol SAMs were prepared by placing the substrate and 0.2 ml alkylthiol to the 
reaction chamber and heating the system to the temperature of 73 °C (Figure 6). Preparation 
times varied form 0.5 h to 24 h. After preparation the samples were rinsed with ethanol. SAM 
preparation using a shorter preparation time was also tested with F120 ALD reactor (ASM 
Microchemistry, Ltd., Finland). SAMs were prepared by pulsing the thiol precursor to the 
substrate using 5 s pulse and purge times. Cycle number was 360 which was 30 min total 
exposure time to 1-dodecanethiol. The evaporation temperature of 1-dodecanthiol was 55 °C 
and the substrate temperature 75 °C. 
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 3.1.2 Preparation of SAMs by microcontact printing 
Patterned octadecyltrichlorosilane (H3C(CH2)17SiCl3)  monolayers were prepared on silicon 
(100) substrates by microcontact printing. Before the monolayers were prepared the 
substrates went through pretreatment 2 (piranha solution, chapter 3.1.1) to maximize the OH 
coverage on the substrate surface. 
The printing of monolayers was performed with polydimethylsiloxane (PDMS) stamp. The 
stamp was prepared from 10:1 (weight:weight) mixture of SYLGARD silicone elastomer 184 
and SYLGARD silicone elastomer 184 curing agent. The components were mixed and let to 
set for 30 minutes. The polymer was poured into a master with a thickness of about 3 mm. 
First hour of the curing was done at room temperature and the curing was completed at 80°C 
for  another  hour.  PDMS  stamp  was  allowed  to  cool  to  room  temperature  before  it  was  
removed from the master.  
The master that was used for the preparation of the PDMS stamps was made lithographically 
from nickel. The master had patterned areas with 1.5 µm wide parallel lines with 3.0 µm 
periods and the depth of the structure was 570 nm. Figure 7 shows a SEM micrograph of a 
PDMS stamp. 
 
Figure 7.  PDMS stamp. The printing line is 1.5 ?m wide. 
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Octadecyltrichlorosilane SAMs were prepared from a solution which contained 1 volume % 
of octadecyltrichlorosilane in hexadecane. The solution was added to the stamp from a paper 
(Kimberly-Clark  Professional,  precision  wipes)  wetted  with  the  solution  to  avoid  too  much 
octadecyltrichlorosilane solution on PDMS material. The stamp was put into contact with the 
paper for about a minute. After the solution was added to the stamp, the stamp was dried with 
a  nitrogen  stream for  at  least  30  seconds.  Usually  the  stamp was  also  let  to  wait  for  a  few 
minutes before stamping so that all possible swelling caused by the solvent had disappeared 
and the width of a printed SAM line would be close to the width of the stamp line. Printing 
time varied usually from 10 to 60 seconds and the stamp was pressed against the substrate by 
hand. After the SAM was printed the patterned substrate was rinsed with hexadecane. 
Samples were also rinsed with ethanol before loading into the ALD reactor. 
3.1.3 Preparation and patterning of polymer film 
PMMA (polymethyl methacrylate) (average Mw=350,000) and PVP (poly(vinyl pyrrolidone) 
(Mw=1,300,000)) films were used as passivation layers for selective-area ALD. Both 
polymer films were prepared by spin coating on silicon (100) surface: PMMA films from a 
solution containing 2 wt % PMMA in toluene and PVP films from 1 wt % PVP in ethanol. 
After preparation the samples were typically baked at first on a hot plate at 100 ?C for five 
minutes and after that in an oven at 100 ?C for 60 minutes to ensure removal of the solvent. 
The PMMA film thicknesses were approximately 70 nm and PVP films 75–120 nm as 
measured by a Hitachi U-2000 spectrophotometer. 
Polymer films were patterned by UV lithography through a shadow mask. The mask has 
three sizes of holes the diameters of which are 50, 250 and 500 µm. Patterning was done with 
a UV lamp that produced UV light at wavelengths 264 nm and 185 nm. Patterning time of the 
PMMA films  were  typically  1  h  and  the  PVP films  were  patterned  typically  for  12  h.  The  
exposed areas of the PMMA films were developed in 1:1 isopropyl alcohol/methyl isopropyl 
ketone for 5 s. Samples were rinsed with isopropyl alcohol and water and dried with nitrogen. 
Samples were also dried in an oven at 100 ?C for 60 minutes. The PVP films were not 
developed further after the UV exposure which is the reason for longer UV exposure times. 
After the ALD processes the PMMA films were removed from the samples by ultrasonicating 
in warm acetone and the PVP films by ultrasonicating in warm water. 
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PVP  fibers  were  also  used  as  a  passivation  layer  to  achieve  nanometer  scale  patterns.  The  
PVP fibers were electrospun from a 7 wt % PVP ethanol solution on Si(100) substrates. The 
solution was placed in a plastic syringe with a metallic needle. The needle was connected to a 
high voltage supply, and the Si(100) substrate was grounded. After electrospinning the fibers 
were dried at 120 ?C for an hour.  
3.2 Activation of surface for selective-area ALD 
RuOX film was used as an activation layer for the ALD ruthenium process. Patterned 
activation layers were prepared by microcontact printing using a PDMS stamp. Preparation of 
the PDMS stamp is described in chapter 3.1.2.  
Two types of masters were used for the stamp preparation. Stamps which had micrometer 
scale patterns were prepared from the master that was made lithographically from nickel. The 
master had 1.5 µm wide parallel lines with 3.0 µm periods (Figure 7). Stamps with 
submicrometer scale patterns were prepared from a master prepared from a blank commercial 
DVD which had about 300 nm wide lines (Figure 8). The depth of the structure was in the 
nickel master 570 nm and in the DVD master about 150 nm.  
 
Figure 8. PDMS stamp prepared from DVD master. 
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Before printing the stamps were held below a UV lamp (264/185 nm, 10 W) for 6 h to make 
the stamp hydrophilic. If the stamp was not used immediately it was stored in deionized 
water. Each stamp was used for only one printing. Si(100) substrates were cleaned before 
preparation of the activation layer in a piranha solution 3:1 (H2SO4: H2O2) for 30 min at room 
temperature. After the piranha solution the substrates were rinsed with water and dried with 
compressed air. 
Activation layers were prepared by a two step process. At first a drop of RuCl3 ethanol 
solution (2.5 mM) was added to the stamp for 60 s. The stamp was dried with air for 15 s and 
placed in contact with the substrate within 15 s. Printing time was typically 15 s and after that 
the  sample  was  exposed  to  ozone  for  2  h.  The  ozone  exposure  was  done  with  a  UV  lamp  
(264/185 nm, 10 W) that produces ozone. 
As a reference sample to test if the ALD process of ruthenium worked, unpatterned RuOX 
films136 were prepared using a SILAR (successive ionic layer adsoption and reaction) 
process. At first the substrate was immersed in RuCl3 in ethanol solution (10 mM) for 30 s 
followed by rinsing in purified water for 5 s. The cycle was completed by immersing the 
substrate in H2O at 65 ?C for 60 s. Films were grown for 1 to 5 cycles. 
3.3 ALD 
3.3.1 Noble metal films 
Patterned SAM and polymer samples were tested in ALD noble metal processes of iridium, 
ruthenium and platinum. Iridium137 was deposited from Ir(acac)3 (acac = 2,4-pentanedione) 
and  O2 (99,999%). The iridium film was grown on patterned SAM samples (areas without 
SAM) at 225 °C, on polymer samples (areas without PMMA or PVP) at 250 °C and 300°C. 
The growth cycle was typically repeated 1000 times.  
Ruthenium138 films were deposited on patterned PMMA and PVP samples from RuCp2 (Cp = 
cyclopentadienyl) and air. On PMMA samples the film was grown at 300 °C for 1000 cycles 
and at 350 °C for 500 cycles and on PVP samples at 300 °C for 1000 cycles. On samples 
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having a RuOx activation layer the ruthenium was grown at 250 ?C for 1000 cycles. The 
temperature of 250 ?C was chosen because ruthenium does not grow at that low temperature 
on  Si  surface  but  it  grows  on  the  RuOx activation layer. Iridium and ruthenium films were 
grown in a F120 reactor (ASM Microchemistry, Ltd., Finland). The processes were run under 
a pressure of about 10 mbar and nitrogen was used as a carrier and purging gas. 
Platinum139 was deposited (on patterned PMMA and PVP samples) from MeCpPtMe3 (Cp = 
cyclopentadienyl) and O2 at 300 °C in a SUNALE reactor (Picosun Oy, Finland). Cycle 
number for the PMMA samples was 2700 cycles and for the PVP samples 700. The processes 
were run under a pressure of about 10 mbar and nitrogen was used as a carrier and purging 
gas. 
3.3.2 Metal oxide and polymer films 
Patterned alkylsilane SAM and polymer samples were tested in ALD metal oxide processes 
of TiO2, Al2O3 and  ZrO2 and thiol SAMs in a polyimide ALD process. TiO2140 film  was  
deposited from Ti(OMe)4 and  H2O (on octadecyltrichlorosilane SAM samples prepared by 
microcontact printing and patterned PMMA samples). TiO2 was deposited at 250 ºC for 300 
cycles on SAM samples, and at 250 and 275 °C for 500 cycles on PMMA samples. 
Al2O3 was  deposited  by  two processes  (on  patterned  PMMA and PVP samples).  AlCl3 and 
H2O were used as precursors at 250 and 300 °C for PMMA samples and at 250 °C for PVP 
samples.   The  growth  cycle  was  repeated  500  times.  Al2O3 was  deposited  from Me3Al and 
H2O at 250 °C for 500 cycles on both polymers.  
ZrO2 was deposited (on patterned PVP samples) from ZrCl4 and  H2O at 250 °C for 1000 
cycles. Polyimide141 was deposited on thiol SAM samples from 1,2,3,5-
benzenetetracarboxylic anhydride (PMDA) and 4,4- oxydianiline (ODA) (Figure 9) at 160 ?C 
for 20 cycles. The metal oxide and polyimide films were grown in an F120 reactor (ASM 
Microchemistry, Ltd., Finland). Nitrogen was used as a carrier and purging gas. The reactor 
was operated at pressures of about 10 mbar. 
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Figure 9. Precursors used for polyimide films. 
3.4 Characterization 
The qualities of SAM samples were controlled by water contact angle measurements 
(CAM100, KVS Instruments, Finland) before the ALD processes. The contact angles were 
measured on non-patterned areas of the samples and only the best samples were chosen for 
the ALD tests.  After the ALD processes the patterned ALD films were studied with a Hitachi 
S-4800 field emission scanning electron microscope and INCA 350 EDX spectrometer. 
Samples after polyimide process was studied with a Quanta 3D 200i FIB/SEM instrument 
fitted with Oxford Instruments Xmax 50 mm2 EDX detector. The thicknesses of the ALD 
films  were  calculated  from  the  EDX  results  using  a  GMR  electron-probe  thin  film  
microanalysis program142 using bulk densities for Ir, Ru, Pt, ZrO2 and anatase TiO2. The 
thicknesses of the Al2O3 films were calculated using a density of 2.8 g/cm3.  
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4 Results 
4.1 SAMs as passivation layers 
4.1.1 Octadecyltrimethoxysilane SAMs from vapor phase [I] 
Octadecyltrimethoxysilane (CH3(CH2)17Si(OCH3)3) SAMs were prepared from vapor phase 
on pretreated substrates. Because alkylsilanes such as octadecyltrimethoxysilane and 
octadecyltrichlorosilane form a self-assembled monolayer on a hydroxylated surface4, 143 the 
pretreatments were done to achieve a high SAM coverage on the silicon substrate by 
maximizing the hydroxyl group density on the surface. SAMs were prepared by two 
processes. The first process consisted of substrate exposure only to the silane precursor and in 
the second process the substrate was alternately exposed to the silane precursor and water. 
The second process was used to achieve more highly packed SAMs and it was adapted from 
studies of Ek et al.74 where they observed that     the water exposures in the SAM preparation 
process increased the density of OH-groups on the surface and thereby improved the SAM 
structure.  
The qualities of SAMs were tested with water contact angle measurements. The contact angle 
of octadecyltrimethoxysilane SAMs were expected to be 110° because that was reported 
previously for octadecyltrichlorosilane SAMs.47 The SAMs have the same carbon chain 
length and the only difference is in the group that reacts upon attachment to the surface. 
When SAMs were  prepared  by  exposing  the  substrate  only  to  the  silane,  the  water  contact  
angles measured from the surface were systematically close to 100° and increasing the 
exposure time to the silane precursor from 45 to 180 min did not affect the contact angles. 
The  substrate  pretreatments  did  not  seem to  affect  the  quality  of  SAMs either.  The  contact  
angles on the SAMs were at the same level on substrates that were pretreated with either with 
pretreatment 1 (10 min in (H2O:H2O2:NH3 (4:1:1)) at 80 °C, 1 min in 1 % HF at room 
temperature, 10 min in (H2O:H2O2:HCl (4:1:1)) at 80 °C, and 1 min in HF-methanol (1:9) at 
room temperature135) or pretreatment 2 (20 min in piranha solution (H2SO4 95-98 %: H2O2 35 
% (3:1)) at room temperature). 
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When the alternate water exposure was added to the SAM preparation process, the contact 
angles of SAMs increased from 100 to 110° already with 6 cycles. Total exposure time to the 
silane  in  this  process  was  60  min.  The  results  indicate  that  the  process  using  alternate  
exposures forms a highly packed SAM and the SAM prepared by exposure to the 
octadecyltrimethoxysilane alone forms a less perfect SAM. 
SAMs were patterned by a lift-off process where aluminum was evaporated on silicon surface 
before the SAM preparation. Final part of the lift-off patterning, i.e. etching of aluminum, 
was done right before the ALD process to minimize contamination. The contact angle did not 
change as a consequence of the etching when the initial contact angle was high, close to 110° 
i.e. when the monolayer was highly ordered. On the other hand, it was noticed that when the 
initial contact angles were close to 100°, the aluminum etching solution decreased the contact 
angles in some cases as much as 10 degrees.  
4.1.2 Octadecyltrichlorosilane SAMs by microcontact printing [II] 
Octadecyltrichlorosilane (CH3(CH2)17SiCl3)  SAMs  were  prepared  by  a  PDMS  stamp.  Non-
patterned stamp was used to prepare SAM for contact angle measurements. The printing time 
was observed to affect the contact angles of SAM. According to the literature, highly packed 
octadecyltrichlorosilane monolayers have water contact angles of about 110° 47 as mentioned 
in  the  previous  chapter.  When the  printing  time,  i.e.  the  time that  the  stamp was  in  contact  
with the substrate was 10 or 30 s, the contact angles varied from 100° to 110°. Heating of the 
substrate on a hot plate at 30 °C during 10 and 30 s printings144 increased the contact angle in 
some cases by several degrees. When the printing time was increased to 60 s the water 
contact angles were more often about 110° which would indicate that the SAM is highly 
packed and suitable for ALD test. Longer printing times gave similar results as the 60 s 
printing time.  
The patterned SAMs were prepared by a PDMS stamp which had 1.5 µm wide printing lines 
and 1.5 µm wide gaps between the lines. In most cases the stamp features were reproduced 
on the substrate surface (Figure 10). However the SAM lines were sometimes wider than the 
printing area. In Figure 10 the SAM lines are 1.8 µm wide and the gaps between the lines are 
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1.2 µm. This indicates that the stamp was swollen when the printing was done. The swelling 
of the PDMS stamp can be caused by the hexadecane of the silane solution. Especially non-
polar organic solvents such as toluene that has been used for microcontact printing of 
SAMs104 can cause swelling of the stamp97 and even when hexadecane was used as a solvent 
the swelling of the stamp occurred occasionally. The problems with the swelling of the stamp 
were diminished by adding the solution to the stamp from a paper103. In this way the stamp 
absorbed the minimum amount of solution. 
 
Figure 10. SEM image from a patterned octadecyltrichlorosilane SAM on silicon. Lighter 
lines  are  SAM.  a)  SAM  prepared  with  non  swollen  stamp,  b)  SAM  prepared  with  swollen  
stamp. 
When the stamp was used for several  times,  it  was noticed that at  first  the stamp produced 
smooth SAM areas for a few printings but eventually the stamp started to produce SAM areas 
without the gaps between the SAM lines. The structure of the stamp probably changed after 
each time it was used and when the stamp was used only once better quality SAM lines were 
produced. 
4.1.3 1-dodecanethiol SAMs from vapor phase [VI] 
Thiol SAMs form a monolayer on metal surfaces e.g. Au.25-27 Gold has been used most 
commonly because the gold surface is unreactive to air and therefore stays without an oxide 
layer. Copper surface, on the other hand, oxidizes in air and before SAM preparation copper 
substrates were pre-treated to remove the oxide from the surface. Water contact angles were 
a) b ) 
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measured from copper surfaces before and after the pre-treatments. When the copper 
substrates were stored in air, the contact angles were about 100°. Contact angle of an 
evaporated copper film straight from vacuum was 30° and after 24 h in air 92°. Pre-treatment 
with 3.7 % HCl decreased the contact angles of copper stored in air and after the pre-
treatments it varied from 15 – 30°. This indicates that the copper surface is free of oxide after 
pre-treatment and it is possible to prepare a highly packed SAM on the surface. 
SAMs were prepared by closing the pre-treated copper substrate and 1-dodecanethiol 
(CH3(CH2)11SH) in the reaction chamber and heating the system to 73 °C. The qualities of 
SAMs were tested with water contact angle measurements on non-patterned copper 
substrates. When the exposure time to 1-dodecanethiol was 30 min, the contact angle of the 
SAM was 110°. Increasing the exposure time did not increase the contact angle and after 24 h 
exposure time the contact angle stayed the same. 1-dodecanethiol SAMs prepared from liquid 
phase (1, 2 and 10 mM ethanol solutions) in 24 h had contact angles from 108 to 125°. These 
results indicates that the 1-dodecanethiol SAM preparation from the vapor phase may be 
more  controlled  way  of  preparing  SAMs  because  air  humidity  does  not  seem  to  affect  the  
quality of SAMs. In addition the preparation time of SAMs from vapor phase can be shorter. 
Shorter SAM preparation times were tested with the F120 ALD reactor. The goal was to first 
prepare SAM on copper areas of a substrate and continue immediately by depositing an ALD 
film on Si areas without air exposure in between. When SAM was prepared using 30 min 
exposure time (360 cycles) the contact angles were 110–112°. This indicates that the SAM 
can be prepared with F120 ALD reactor. 
4.1.4 Selective-area ALD of iridium [I, II, VI] 
Selective-area ALD of iridium was done using silane and thiol SAMs as passivation layer. 
Iridium passivation tests were done on octadecyltrimethoxysilane SAMs prepared from vapor 
phase by two processes at 225 °C. When the silane SAMs were prepared by exposing a 
substrate only to octadecyltrimethoxysilane, the passivation properties against iridium ALD 
process were poorer than with the SAMs prepared by exposing the substrate alternately to 
silane and water pulses. The poorer passivation properties were expected also on the basis of 
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lower contact angles measured on these samples (about 100°) referring to a less perfect SAM. 
EDX measurements showed that the SAM prepared without water exposure had prevented 
the growth of iridium only partly as there were SAM areas with 10 nm of iridium film. The 
thickness  of  the  iridium  film  on  an  untreated  SiO2 reference sample that went through the 
same ALD process was 22 nm. 
When the water pulse was added to the preparation process the water contact angles of the 
silane SAMs increased (110°) and the SAM passivated the surface fully against iridium 
growth and the film grew only on areas without the SAM. In Figure 11 the dots are iridium 
and darker areas SAM. EDX elemental maps (Figure 12) further confirm that selective-area 
ALD  of  iridium  was  achieved.  EDX  measurements  also  showed  that  the  thickness  of  the  
patterned iridium film measured from the dot was 23 nm which agreed with the thickness of 
the iridium film that had grown on the SiO2 surface with no nearby SAM areas. 
 
Figure 11. Patterned  iridium  film.  The  bright  regions  are  iridium  and  the  dark  regions  
octadecyltrimethoxysilane SAM. 
 
44 
 
 
Figure 12. EDX elemental maps of patterned octadecyltrimethoxysilane SAM. The diameter 
of the iridium dot in the figure is 50 ?m. 
Microcontact printed octadecyltrichlorosilane SAMs were also tested in iridium passivations 
tests at 225 ºC. When microcontact printed octadecyltrichlorosilane SAMs were used as 
passivation  layers,  the  SAM  prevented  also  the  growth  of  iridium  when  contact  angles  of  
SAMs were about 105–110º. This seems to indicate that iridium process does not necessarily 
require highly packed SAM to passivate the surface. A SAM with a contact angle of 100º is 
on the other hand too poorly packed to prevent even iridium growth. It is also good to notice 
that the purge times used for iridium film deposition were only 0.5 s. By increasing the purge 
time the poorer quality SAM might also prevent the growth of iridium. 
In Figure 13 is successfully patterned iridium film and EDX elemental linescan (Figure 14) 
shows that selective-area ALD of iridium was achieved. The widths of SAM lines are 1.8 
µm. This is probably due to the swollen stamp. The iridium film thickness measured from an 
area next to the patterned area was 23 nm and the same film thickness was measured on 
reference SiO2 surface that was in the same process. 
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Figure 13. SEM image of a patterned iridium film. As a passivation layer against iridium 
growth was microcontact printed octadecyltrichlorosilane SAM. 
 
 
 
 
Figure 14. EDX elemental linescan on patterned iridium film. As a passivation layer against 
iridium growth was microcontact printed octadecyltrichlorosilane SAM. 
The preparation process of octadecyltrichlorosilane SAMs by PDMS stamps caused 
difficulties to the iridium growth on patterned samples. Especially low nucleation density was 
observed  in  many cases  on  areas  without  SAM (Figure  15).  This  might  be  a  stamp related  
problem. The low nucleation density might indicate that there are small SAM areas where 
they should not be. Non-covalently bound molecules may have diffused from the printed 
areas to the areas where the stamp has not touched the surface.103 
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Figure 15. SEM image of a patterned iridium film. As a passivation layer against iridium 
growth was microcontact printed octadecyltrichlorosilane SAM. Low nucleation density 
appears in iridium area. 
On thiol SAM samples, iridium was deposited at 250 °C. 1-dodecanethiol SAMs were 
prepared on copper areas of the samples from vapor phase while silicon areas stayed without 
SAM. The water contact angles of 1-dodecanethiol SAMs did not increase after 30 min 
preparation time, so these SAMs were tested with respect of their ability to prevent the 
iridium growth. SAMs were prepared in the F120 ALD reactor and after contact angle 
measurements (the water contact angles of the SAMs were about 110°) the iridium was 
deposited on silicon areas of the sample. 
The EDX measurements (Figure 16) showed that 1-dodecanethiol SAM could passivate the 
copper surface while the iridium film did grow on silicon parts of the sample and on 
reference copper without SAM. After the iridium processes the water contact angles were 
remeasured and it was observed that the contact angles on SAM areas decreased during the 
ALD process even by tens of degrees. However, no iridium was grown on the SAM areas. 
This is probably because noble metal ALD processes are in general easier to prevent than for 
example oxides. 
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Figure 16. EDX spectra measured after iridium ALD process at 250 °C for 500 cycles on 1-
dodecanethiol SAM covered Cu, Cu without SAM and on silicon. The SAM preparation time 
was 30 min in the F120 ALD reactor. The SAM prevented the growth of iridium on copper. 
4.1.5 Selective-area ALD of TiO2 [II] 
On the contrary to the successful selective-area ALD of iridium using microcontact printed 
octadecyltrichlorosilane SAM as mask layers, the ALD growth of TiO2140 was more difficult 
to prevent. TiO2 film was deposited at 250 ºC from Ti(OMe)4 and H2O for 300 cycles. The 
monolayer that could passivate the surface against ALD growth of TiO2 needed to be highly 
packed and have a water contact angle of 110?, otherwise the film grew on SAM. In addition, 
longer 40 s purges were needed during the ALD process to achieve a passivation of the 
surface whereas the iridium film growth could be prevented using short 0.5 s purges. Longer 
purges were used in order to ensure complete removal of precursors, water in particular.  
TiO2 film thickness that could be deposited on the non-SAM areas leaving the SAM area 
without a film was 7 nm using 40 s purges. EDX measurements (Figure 18) showed that the 
dark lines in Figure 17 are TiO2. On SAM area there was no evidence of TiO2. The widths of 
the  dark  lines  are  1.5  µm  and  the  bright  lines  1.5  µm.  This  is  in  accordance  with  the  
dimensions of the non-swollen PDMS stamp and the master used for its preparation. 
The ALD precursors might affect the SAMs ability to passivate the surface. Noble metal 
films typically start to grow slower on silicon surface without a starting layer which is 
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typically Al2O3. That might also be the reason why noble metal ALD is easier to prevent than 
metal oxide ALD processes which nucleate very easily on silicon surface. Jiang et al. have 
noticed the same kind of behavior when studying passivation of silicon surface with SAMs 
against ALD growth of platinum and HfO2.104, 110 They showed that ALD growth of platinum 
was easier to prevent than HfO2. 
 
Figure 17. SEM image of a patterned TiO2 film. As a passivation layer was microcontact 
printed octadecyltrichlorosilane SAM. Dark lines are TiO2 and lighter lines SAM. 
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Figure 18. EDX measured on the dark and bright lines in Figure 17. 
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4.1.6 Selective-area ALD of polyimide [VI] 
1-dodecanethiol SAMs were prepared for polyimide passivation tests from vapor phase by 
placing the substrate and the thiol precursor to the reaction chamber and heating the system at 
73 ?C. The shortest preparation time of SAM that could prevent the growth of polyimide at 
160 ?C for 20 cycles was looked for. While the 1-dodecanethiol SAM preparation time of 30 
min was enough to prevent the iridium growth, the polyimide process was more difficult to 
prevent. In addition, analyzing the samples by EDX was more challenging. 
Before the EDX measurements the samples were coated with a sputtered Pt/Pd coating whose 
thickness was 4 nm. This was done because it was observed that the ALD polyimide films 
decompose under an electron beam unless protective layers are used. The Pt/Pd coating 
decreases or completely stops polyimide decomposition but is thin enough to allow detection 
of low-energy carbon, nitrogen and oxygen x-ray lines. Thin polyimide films (20 cycles) 
needed a combination of a fairly high 4 nA probe current and long measurement times of 
several hours (ca. 30 million total spectrum counts) to produce a weak nitrogen x-ray signal 
(nitrogen is only present in the polyimide) so that the presence or absence of the polyimide 
could be determined with our EDX system. 
The preparation time of SAM needed to be 20 h before the 1-dodecanethiol SAM could 
prevent the growth of the polyimide. The EDX sum spectra of maps measured on 150 µm 
wide square areas (Figure 19) showed that the nitrogen peak is clearly detectable from a 
reference copper without SAM, accompanied by an increase in the O peak intensity. On SAM 
area, no nitrogen peak was found. The increase in the background at the nitrogen peak 
position  was  probably  caused  by  the  Pt/Pd  coating  of  the  sample  because  a  similar  
background increase could be found on the Pt/Pd coated copper substrate which had not gone 
through the polyimide process (Figure 20). 
The water contact angle measurements are consistent with the EDX results. The contact 
angles of SAMs (about 110?) did not change during the polyimide process. The contact angle 
of polyimide on silicon was about 50–70? and on copper without SAM about 60–100?. This 
also indicates that there is no polyimide on the SAM prepared in 20 h.  
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Figure 19. a) EDX spectra measured after the polyimide process on 1-dodecanethiol SAM 
(prepared in 20 h) covered copper and reference copper without SAM. b) Magnification of 
nitrogen peak. No nitrogen peak indicating polyimide was found on the SAM area. 
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Figure 20. EDX spectra measured on copper substrate and Pt/Pd coated copper substrate.  
4.2 Polymer films as passivation layers [III, IV] 
4.2.1 Patterning of polymer films 
Polymer films were prepared by spin coating on silicon (100) surface and before ALD 
processes the polymer films were patterned through a shadow mask which had holes with 
diameters of 50, 250 and 500 µm. The thicknesses of polymer films were 70–120 µm.  
PMMA films were patterned by a two step process where the samples were first exposed to 
UV illumination through a shadow mask for 60 min and then immersed in the development 
solution of isopropyl alcohol and methyl isopropyl ketone for 5 s. The diameters of patterned 
dots differed only a few micrometers from the original shadow mask (Figure 21). 
PVP films were patterned with 12 h UV illumination through the same mask and after the UV 
illumination no development solution was applied. In this way most of the PVP could be 
removed from the surface. AFM studies showed that after patterning the areas from which 
PVP was removed had a few scattered particles. These particles may be traces of PVP or 
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impurities from the PVP solution that cannot be destroyed by UV. Submicrometer PVP 
patterns were also done using electrospun PVP fibers.  
 
Figure 21. SEM image of a patterned PMMA film. 
4.2.2 Selective-area ALD of noble metals 
PMMA and PVP films were used as mask layers against iridium, ruthenium and platinum 
ALD processes. Iridium films were deposited at temperatures of 250 and 300 ?C, platinum at 
300 ?C, and ruthenium at 300 and 350 ?C. Both PMMA and PVP masks passivated the 
surface against all the tested noble metals as shown by EDX measurements in Figure 22. On 
the polymer film and on the substrate below it (measured after removal of the polymer) there 
was no evidence of noble metal. 
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Figure 22. EDX spectra measured on a Ir (a, b), Ru (c, d) and Pt (e, f) dots, on the PMMA (a, 
c,  e)  and  PVP  (  b,  d,  f)  films  after  the  ALD   processes,  and  on  the  Si  surface  after  ALD  
process and polymer film removal. 
ALD noble metal films are typically grown on a freshly deposited oxide layer to ensure good 
nucleation.138, 139 The use of oxide layer on silicon was tried to avoid when it  was possible 
which may have affected the growth rates of noble metals. When iridium was deposited at 
250  ?C  for  1000  cycles,  the  thickness  of  PMMA  patterned  iridium  film  was  29  nm  as  
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measured by EDX. The thickness was in accordance with earlier reported growth rate.137 
When PVP film was  used  as  a  mask  layer  at  300  ?C,  the  growth  rate  of  iridium was  lower  
than earlier reporter growth rate.137 This is probably due to the absence of oxide layer but 
PVP residues could have also troubled the iridium growth because iridium film thickness was 
lower on patterned sample (17 nm) than on reference Si(100) (21 nm). 
When PVP fibers were used as mask layer, the fiber prevented the growth of iridium as well. 
On  contrary  to  the  spin  coated  PVP  films,  the  iridium  film  thickness  was  the  same  on  the  
sample patterned with fibers and on the reference Si(100). This may be because growth areas 
were never covered by PVP and thus could stay free from PVP residues. The widths of the 
areas without iridium were 200–500 nm (Figure 23). This indicates that submicrometer scale 
patterns are possible to reach using PVP as a passivation layer. 
 
Figure 23. SEM micrograph of a patterned iridium film. Patterning was done using PVP 
fibres as a mask. Lighter areas are iridium and darker silicon. 
The absence of oxide layer was noticed to affect more to the growth rate of ruthenium and 
platinum. Ruthenium was deposited at 300 ?C for 1000 cycles. The ruthenium film thickness 
was 17 nm on the sample patterned with PMMA and 20 nm on the sample patterned with 
PVP. These thicknesses were about half of the thicknesses expected on the basis of the earlier 
reported growth rates.138 When the Al2O3 film was deposited on silicon substrate prior to 
PMMA film preparation, the thickness of the ruthenium film measured on the PMMA 
patterned dot was 41 nm which was as expected based on the earlier reported growth rate.138 
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The polymer films also affected the growth rate of ruthenium because the thicknesses of 
patterned ruthenium films were lower than film thicknesses on reference silicon. On PMMA 
patterned sample the thickness was about half and on PVP patterned about two thirds. At 350 
?C the thicknesses of PMMA patterned film and film on reference Si(100) were the same. 
Platinum was deposited at 300 ?C for 2700 cycles for PMMA patterned samples and for PVP 
samples 700 cycles. When PMMA was used as a mask layer, the thickness of platinum was 
71 nm without an oxide layer. The growth rate was about two thirds of earlier reported 
growth rate where Al2O3 layer was deposited prior platinum.139 When  PVP  was  used  as  a  
mask layer,  the platinum did not grow at all  on the patterned areas without the Al2O3 film. 
Platinum  growth  on  patterned  areas  was  achieved  when  10  cycles  of  Al2O3 was deposited 
prior to platinum. Al2O3 film did grow also on PVP enabling subsequent platinum growth 
there too. The Al2O3 film did not grow through the PVP film to the substrate surface, 
however,  and  the  PVP  film  together  with  the  platinum  and  Al2O3 films on top could be 
removed after the ALD process. The thickness of the platinum film on the patterned area was 
24 nm. Although the polymer film affected the growth rate of noble metals, the film growth 
rates were repeatable. 
4.2.3 Selective-area ALD of oxides 
Polymer films were also used as mask layers against Al2O3, TiO2, and ZrO2 ALD processes. 
Both PMMA and PVP patterned samples were used for Al2O3 deposition. In addition, 
PMMA patterned samples were used for TiO2 deposition and PVP patterned samples for 
ZrO2 depositions. 
Al2O3 films were deposited from two precursor combinations, AlCl3 and  H2O, and AlMe3 
and  H2O. On contrary to noble metal processes, Al2O3 film  grew  on  the  PMMA  and  PVP  
mask layers from both precursors as shown by EDX measurements (Figure 24). When 
PMMA was used as a mask layer, AlCl3 was proved to be more challenging precursor: after 
Al2O3 process at 250 ?C the removal of the PMMA film in normal manner using warm 
acetone was impossible and only mechanical scribing enabled removal of the PMMA film 
and revealed patterned Al2O3 film on silicon. This may indicate that Al2O3 was grown inside 
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the PMMA film.16 EDX measurements showed, however, that Al2O3 film did not grow on the 
substrate below the PMMA film. When the AlCl3 +  H2O process was done at 300 ?C the 
PMMA film could not be removed even by scribing the surface which might indicate that the 
ALD film was grown through the PMMA film to the silicon substrate. When a PVP film was 
used as a mask layer, Al2O3 was easier to deposit selectively from AlCl3 and H2O. Al2O3 film 
grew also on the PVP film but probably not inside the film and thus the PVP film was easy to 
remove after the ALD process by water. The thicknesses of the Al2O3 films measured on the 
PMMA and PVP patterned samples were about 40 nm. 
0,5 1,0 1,5 2,0 2,5 3,0
0
5000
10000
15000
20000
 Al2O3 dot
 PVP film after ALD process
 below PVP after ALD process
In
te
ns
ity
Energy keV
C O Al
Si
b)
Figure 24. EDX spectra measured on Al2O3 dots grown from AlCl3 and H2O, on PMMA and 
PVP films after the ALD process, and on the Si surfaces after ALD process and polymer film 
removal. 
Al2O3 deposited from AlMe3 and  H2O  at  250  ?C  grew  also  on  the  PMMA  and  PVP  mask  
layers like in the case of AlCl3 but not on the substrate below the polymer films (Figure 25). 
When  the  PMMA  film  was  used  as  the  mask  layer,  it  could  be  removed  after  the  ALD  
process ultrasonically without scribing contrary to the situation after the AlCl3 +  H2O 
process. Removal of the PMMA film after the ALD process was still time consuming but it 
became easier when purge times in the ALD process were increased. The polymer film can 
probably absorb precursors during the precursor pulses in the ALD process and absorbed 
precursors  can  allow  the  nucleation  of  Al2O3 film during the next pulse.23 Doubled purge 
times  might  enable  better  removal  of  the  precursors  and  reduce  the  growth  of  ALD  film  
inside the PMMA film. The thicknesses of the PMMA patterned Al2O3 films grown from 
AlMe3 and H2O were typically about 50 nm and the thickest film that was grown selectively 
was 380 nm. When the PVP film was used as the mask layer, the PVP film was more difficult 
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to remove after the ALD process than when AlCl3 was  used  as  a  precursor.  The  PVP film 
could still be removed but it was time consuming similar to the removal of PMMA film after 
the same ALD process. 
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Figure 25. EDX spectra measured on Al2O3 dots grown from AlMe3 and  H2O, on PMMA 
and PVP films after ALD process, and on the Si surface after ALD process and polymer film 
removal. 
PVP film was used also as a mask layer for ZrO2 depositions from ZrCl4 and H2O at 250 ?C 
for 80 nm. The ALD film grew on the PVP film like in the case with Al2O3 and probably also 
inside the PVP film as judged from the more time consuming removal of the PVP film. The 
PVP film could, however, be removed after the ALD process and ZrO2 did not grow below 
the PVP film (Figure 26). 
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Figure 26. EDX spectra measured on a ZrO2 dot, on the PVP film after the ZrO2 process, and 
on the Si surface after ALD process and PVP removal. 
PMMA films were used as mask layers for TiO2 depositions from Ti(OMe)4 and  H2O at 
temperatures of 250 and 275 ?C. On contrary to the other tested oxide processes, TiO2 ALD 
film did not grow on the PMMA film. The PMMA film passivated the surface against the 
ALD growth (Figure 27) and the film grew only on the patterned areas at both temperatures. 
The silicon surface below the PMMA film stayed untouched as well. The film thicknesses 
were about 25 nm. 
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Figure 27. EDX measured on the TiO2 film deposited  at  250  ?C,  on  the  PMMA film after  
TiO2 process and on the Si surface after ALD process and PMMA removal. 
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In summary, the tested ALD oxide processes mainly grew on the PMMA and PVP films but 
the polymer film could be removed after the ALD processes and the result was an ALD film 
patterned by a lift-off process. A pure selective-area ALD oxide process was proved to be the 
TiO2 deposition from Ti(OMe)4 and H2O which did not grow on the PMMA film. Al2O3 was 
deposited from two precursors and both PMMA and PVP mask layers were tested. When 
Al2O3 is deposited from AlCl3 and H2O, PVP film can be used as mask layer. When Al2O3 is 
deposited from AlMe3 and  H2O, both PMMA and PVP can be used as mask layers but 
because of the time consuming polymer film removal after the ALD process, selective-area 
ALD is most conveniently achieved with PVP as the mask layer and AlCl3 as the aluminum 
precursor. PVP residues did not disturb the growth of the oxides on the patterned areas where 
the film thicknesses were the same as on the non-patterned reference samples. 
4.3 RuOx films as activation layers [V] 
New approach to selective-area ALD is an activation of a surface. On contrary to the surface 
passivation, the ALD film can now be grown on the activated areas of the surface leaving 
non-activated areas without a film. This can be done by preparing a patterned catalytic layer 
at first and then depositing an ALD film on this catalytic layer. In our study patterned RuOx 
film was used as an activation layer for ruthenium ALD. RuOx can be used as activation layer 
due to its oxidizing properties because the ruthenium precursor (RuCp2) has a high reactivity 
to oxygen and thereby reacts and binds with the RuOx layer easier than with non-oxidizing 
surfaces like SiO2. Ruthenium was deposited at 250 ?C because at that temperature ruthenium 
grows only on activated areas, not on Si or SiO2. 
4.3.1 Preparation of non-patterned RuOx by SILAR 
Non-patterned RuOx films were prepared by SILAR (successive ionic layer adsorption and 
reaction) to test the ruthenium ALD process at 250 °C. RuOx films were deposited by 1 to 5 
cycles and ruthenium was deposited on these films by 1000 cycles. After the ALD process 
the ruthenium film thickness was measured by EDX (Figure 28) on an area where 5 cycles of 
RuOx film was used as an activation layer and on silicon areas without an activation layer. 
EDX measurements showed that ruthenium film did grow only on the RuOx areas and not on 
60 
 
silicon. Even 1 cycle of RuOx activated the surface. The thickness of the ruthenium was 17 
nm when 1 or 5 cycles of RuOx was used as an activation layer. These results verify that at 
250 °C ruthenium ALD does not occur without proper activation layer, opening a possibility 
for selective-area ALD by using a patterned activation layer. 
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Figure 28. EDX measured on ruthenium film deposited on RuOx activation layer prepared by 
SILAR for 5 cycles and on bare silicon substrate after ruthenium process. 
4.3.2 Preparation of patterned RuOx films by microcontact printing 
Patterned RuOx films were prepared by two step process where at first RuCl3 ethanol solution 
was transferred to the silicon substrate by a PDMS stamp. The hydrophobic PDMS stamp 
needs to be treated more hydrophilic so that the affinity between the stamp and the ethanol 
increases and the stamp could absorb the RuCl3 ethanol solution. Therefore the stamp was 
held below a UV lamp (264/185 nm, 10 W) for 6 h. The water contact angle of a new PDMS 
stamp was about 9–105° as measured on non-patterned area of the stamp. After the UV 
treatment the contact angle decreased to 30–60°. If the contact angle of a stamp was over 60?, 
in many cases no stamp features could be found on the samples after printing. The final step 
in the preparation of RuOx activation layer was an exposure of the samples that had patterned 
RuCl3 layers to ozone. After printing the RuCl3 layer the samples were placed below UV 
lamp that produced ozone for 2 h so that RuOx film would form (Figure 29). 
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Figure 29. Patterned RuOx film prepared with a stamp prepared from DVD master. 
The dimensions of the stamp structures played a very important role in producing patterned 
activation layer. Especially stamp from DVD master produced imprints that varied. One 
possible reason for that was the shallow depth of the lines in the stamp which were only 150 
nm. Because the printings were done by hand, the printing force was different in each 
printing. This affects the width of the printed lines i.e the RuCl3 lines on the substrate could 
be wider than the lines in the stamp. Widths of the produced RuOx lines varied from 300 to 
500 nm. There were not these kind of similar problems with the stamp with 1.5 µm lines 
probably because the depth of the stamp structure was deeper, 570 nm. If the stamp prepared 
from DVD master was pressed too heavily to the substrate the stamp could be in contact with 
the substrate also between the lines and the activation layer could be formed to the whole area 
of the stamp. 
4.3.3 ALD deposition of ruthenium on activated areas 
Ruthenium film was deposited on the RuOx activation layers by 1000 cycles at 250 °C. Both 
stamps produced an activation layer that enabled the growth of ruthenium. Figure 30 a is a 
SEM image of a patterned ruthenium film that was grown on a patterned activation layer 
prepared by the stamp with 1.5 µm lines. The lines are 1.5 µm wide so that the features of the 
stamp are repeated on the substrate. The ruthenium film thickness was measured on samples 
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where the widths of the ruthenium lines were 1.5 µm. The thickness of ruthenium was 19 nm 
as measured on non-patterned area of the sample. The thickness is in accordance with the 
ruthenium thickness measured on activation layer prepared by 1 cycle SILAR process.  
The stamp prepared from DVD master produced a submicrometer scale patterns (Figure 30 
c). The ruthenium lines were about 500 nm wide and there were about 200 nm wide silicon 
areas between the ruthenium lines. The ruthenium lines are wider than the lines in the stamp 
which may be because of the shallow depth of the structures in the stamp and the printing 
process which was done by hand. This proves that submicrometer lines can be successfully 
prepared by this method. Further improvement can be gained by state-of-the art soft 
lithography tools. EDX measurements (Figure 30 b, d) proved in both cases that the bright 
areas are ruthenium and dark areas are free from ruthenium.  
)  
 
Figure 30. Patterned ruthenium film prepared on RuOx activation  layer.  RuOx film  was  
prepared using a) a stamp with 1.5 µm lines, c) a stamp from DVD master, b) EDX spectra 
measured on bright and dark lines of the sample a, d) EDX spectra measured on bright and 
dark lines of a sample c. 
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5 Summary and conclusions 
Selective-area ALD is a method to grow thin films from gaseous precursors layer by layer 
only on designated areas of the surface. In this thesis selective-area ALD was approached 
from two directions: passivation and activation of the surface. Passivation of the surface was 
done by octadecyltrimethoxysilane (CH3(CH2)17Si(OCH3)3) and 1-dodecanethiol  
(CH3(CH2)11SH) SAM prepared from vapour phase and microcontact printed 
octadecyltrichlorosilane (CH3(CH2)17SiCl3) SAM. Carefully prepared silane SAMs prevented 
the  growth  of  iridium  at  225  ºC.  The  octadecyltrichlorosilane  SAMs  were  also  used  to  
prevent the growth of TiO2 at 250 ºC. 1-dodecanethiol SAM prepared in 30 min prevented 
also the growth of iridium at 250 ºC. Longer 20 h SAM preparation was needed to prevent 
the polyimide growth at 160 ºC.  
Surface passivation was also done using PMMA and PVP mask layers. Both polymer films 
prevented the ALD growth of iridium at 250–300 ?C, ruthenium at 300 – 350 ?C and 
platinum at 300 ?C and the PMMA film also prevented the growth of TiO2 at 250–275?C. The 
ALD films grew only on the patterned polymer free areas of the samples. Polymer films were 
not passive against all the tested ALD processes. Al2O3 deposited at 250–300 ?C using 
PMMA and PVP mask layer and ZrO2 at 250 ?C using PVP mask layers, grew on the 
polymer mask layers but not through the polymer layers to the substrate surfaces. Therefore 
the polymer mask layers still protected the substrate against these ALD processes and 
selective-area ALD was achieved by removing the polymer film after the ALD processes. 
Selective-area ALD of ruthenium at 250 °C was achieved by preparing a microcontact 
printed RuOx activation layer for the ruthenium ALD process. At this temperature the stamp 
features were transferred to the substrate and ruthenium film grew only on the activated 
areas. 
The results of this thesis show that selective-area ALD is possible with both approaches: 
passivation and activation. In general, prevention of the ALD growth using SAMs as 
passivation layers depends on the nature of the ALD process. It seems that ALD oxide 
processes are more difficult to prevent from nucleation than metal processes. With polymer 
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mask layers the same conclusion can be made. Although not all the tested oxide processes 
were pure selective-area ALD, the results after polymer film removal were. Activation of the 
surface gives an opposite approach to selective-area ALD. By depositing ALD film directly 
on activated areas of the surface, the preparation steps of a patterned film can be reduced i.e. 
the passivation layer does not need to be removed after ALD process. Selective-area ALD is 
still quite new research area and further challenges still remain for the future. 
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